Abstract. MicroRNAs (miRs) have previously been demonstrated to be important in the tumorigenesis and progression of breast cancer. miR-372 was previously revealed to be involved in various types of human cancer, however its function in breast cancer remains largely unknown. The present study demonstrated that miR-372 is frequently overexpressed in breast cancer cell lines and tissues. The downregulation of miR-372 markedly inhibited cell proliferation, arrested the cell cycle in the G1/S phase, and increased the apoptosis of breast cancer cells. Consistently, an in vivo xenograft study also demonstrated the suppressive effects of miR-372 knockdown on tumor growth. Further studies revealed that miR-372 modulated the expression of large tumor suppressor kinase 2 (LATS2) by directly targeting its 3'-untranslated region in breast cancer cells. Furthermore, silencing of LATS2 was able to rescue the effect of the miR-372 inhibitor. Overall, the results suggest that miR-372 functions as an oncogenic miRNA in breast cancer by targeting LATS2.
Introduction
Breast cancer is the most common type of invasive cancer in females worldwide, and in females represents >16% of all cancer types and 22.9% of invasive cancer types. In total, 18.2% of all cancer-associated mortalities worldwide, including both males and females, are attributed to breast cancer (1) . Numerous studies are currently attempting to identify significant markers of cell growth and differentiation, both of which are essential for breast cancer formation and progression (2) .
MicroRNAs (miRNAs/miRs) are a group of evolutionarily conserved, small endogenous noncoding RNAs, which have important functions in suppressing translation or inducing mRNA degradation as post-transcriptional gene regulators, by directly pairing and binding with the 3' untranslated regions (3'-UTR) of specific target mRNAs (3, 4) . miRNA expression has been shown to rely on cell-and tissue-specific patterns (5) and to participate in diverse cell behaviors, including the cell cycle, apoptosis and differentiation (6, 7) . Accumulating evidence suggests that miRNAs have abnormal expression patterns or are mutated in cancer, suggesting that they may be considered a novel class of oncogenes or tumor suppressor genes (8, 9) .
Dysregulation of miR-372 has been observed in a diverse range of human tumor types, including colorectal cancer, hepatocellular carcinoma and testicular germ cell cancer (10) (11) (12) . Dysregulated miR-372 can act as an oncogenic miRNA in testicular germ cell tumors (13) , human embryonic stem cells (hESCs) (14) , head and neck squamous cell carcinoma (HNSCC) (15) , and colorectal cancer (12) . By contrast, it can also function as a tumor suppressor in cervical (16) and hepatocellular carcinoma (17) . Previous study suggests that miR-372 behaves as oncogenes participating in the development of human testicular germ cell tumors by through direct inhibition of the expression of the tumorsuppressor arge tumor suppressor kinase 2 (LATS2) (13) . LATS2 is component of the Hippo pathway and holing AGC kinase activity to regulate centrosome duplication, maintenance of mitotic fidelity, and genomic stability (18) . However, the expression pattern and role of miR-372 in breast cancer and whether miR-372 targeting LATS2 in breast cancer remain unclear.
In the current study, we found that miR-372 was universally overexpressed in breast cancer cell lines and tissues. miR-372 was determined to be esseential for human breast cancer cell growth in vitro and in vivo. Additionally, the downregulation of miR-372 by antisense-miR-327 markedly arrested the cell cycle in G1/S phase, and increased apoptosis of breast cancer cells. Furthermore, the potential role of miR-372 as a tumor facilitator in breast cancer was observed to be mediated by its direct downstream targeting of LATS2.
Materials and methods
Tissue samples. This study utilized tissues, including 24 sets of breast tumor and paired normal tissue specimens derived from 24 patients who underwent surgery at Beihai People's Hospital (Beihai, Gaungxi) between January 2015 and September 2016. Cell cycle assay and apoptosis. For cell cycle analysis, 48 h after transfection, cells were collected and fixed with 70% ethanol at -20˚C for 18 h; propidium iodide (BD Biosciences, Franklin Lakes, NJ, USA) was then added to the cells. Samples were analyzed by flow cytometry on FACSCalibur (BD Biosciences). Annexin V/propidium iodide (PI) staining was performed using annexinAlexa 488 (Invitrogen; Thermo Fisher Scientific, Inc.) and PI as described (19) .
miR-372 promotes breast cancer cell proliferation by directly targeting LATS2
Cell proliferation and colony formation assay. Cell proliferation was examined using an MTT assay (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), according to the manufacturer's instructions. Briefly, a 96-well plate was used to culture and incubate the seeded cells at 37˚C and 5% CO 2 for 4 days. Prior to detection, 10 µl MTT solution was added to the medium, and incubated at 37˚C for 2 h. The cell numbers and absorbance were measured at 450 nm using a 96-well plate reader. For the colony formation assay, 5,000 cells from each experimental group were seeded into a 6-well plate and incubated for 9 days. Subsequently, methanol/acetone (1:1) and crystal violet were used to fix and stain the cell colonies, respectively.
siR NA knock down. All transfections were using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. Knockdown experiments were performed using 400 pmoles of siRNA. siRNA against LATS2 purchased from Dharmacon (La Fayette, CO, USA). Western blotting. Antibodies used for western blotting included anti-LATS2 and anti-β-actin, both purchased from Cell Signaling Technology (Beverly, MA, USA). Western blot analysis was performed as previously described (20) . Briefly, equal quantities of cell lysate were loaded onto a pre-cast gel, and then subjected to electrophoresis. Following blotting, the membranes were incubated with the primary antibodies at 4˚C overnight. Subsequently, horseradish peroxidase (HRP)-conjugated secondary antibodies (Bio-Rad Laboratories, Inc., Hercules, CA, USA) were incubated with the membranes for 1 h at room temperature. The bands were detected using an enhanced chemiluminescence kit (SuperSignal West Pico substrate; Pierce; Thermo Fisher Scientific, Inc.).
Luciferase assay. The generation of Renilla luciferase constructs containing the wild type (WT) or mutant (MUT) target site of the LATS2 3'-UTR was conducted as described previously (10) . All experimental cells were transiently co-transfected with miR-372 and psi-CHECK2-LATS2 3'UTR using Lipofectamine ® 2000. Firefly and Renilla luciferase activities were measured consecutively with a Dual-Luciferase R Reporter Assay System (Promega Corporation, Madison, WI, USA) and the Wallac Victor 1420 Multilabel Counter (EG&G Wallac, Gaithersburg, MD, USA).
Xenograft assays in nude mice. All animal experiments were approved by the Guangxi Medical University Animal Care and Use Committee. At 24 h after transfection with AS-miR-372 or scramble, ~2x10 6 MDA-MB-231 cells were suspended in 100 µl PBS and then injected orthotopically into the third mammary gland on either side of the same female BALB/c athymic nude mouse. In total, 6 mice were included in each experimental group. Tumor diameters were measured twice weekly for 6 weeks, and the tumor volumes were calculated (width 2 x length x 0.5). The mice were sacrificed 6 weeks following tumor implantation using cervical dislocation method.
Statistical analysis. Statistical analyses were conducted using GraphPad Prism 4 software. P-values were calculated using one-way ANOVA and are presented in the figures. P<0.05 was considered to indicate significant differences.
Results

miR-372 was upregulated in breast cancer cells and primary breast tumors.
To address the biological significance of miR-327 in breast cancer, we detected the expression of miR-372 in four human breast cancer cell lines (MCF-7, SK-BR-3, BT-474, MDA-MB-231) and one non-malignant human breast epithelial cell line (MCF-10A). The expression levels of miR-372 in the four breast cancer cell lines were higher than those in MCF-10A cells (Fig. 1A) . Furthermore, we examined the expression of miR-372 in 24 sets of breast tumor and paired normal tissue specimens. We found that the expression of miR-372 was upregulated in 19 cases (79.2%) when compared with the corresponding adjacent tissues (Fig. 1B) . Overall, the expression of miR-372 was significant upregulated in breast tumor tissues, compared with in the non-cancerous adjacent tissues (Fig. 1C) .
Downregulation of miR-372 inhibited breast cancer cell proliferation.
Given that miR-327 is overexpressed in breast cancer, we decided to examine whether miR-327 has oncogenic functions in breast cancer cells in vitro. We transfected AS-miR-372 into MDA-MB-231 cells and measured cell growth at 24, 46 and 72 h using an MTT assay. AS-miR-372 transfection reduced miR-372 expression 2-fold compared with scramble ( Fig. 2A) . The growth of AS-miR-372-transfected cells was significantly reduced compared with the scramble group (Fig. 1B) . Furthermore, the colony formation assay revealed that the downregulation of miR-372 decreased the number of colonies formed when compared with the scramble group ( Fig. 2C and D) . However, AS-miR-372 transfection had no impact on the growth of nonmalignant human breast epithelial MCF-10A (Fig. 2E and F) .
Downregulation of miR-372 results in cell cycle arrest at G1/S phase and MDA-MB-231 cell apoptosis.
Since downregulation of miR-372 significantly decreased the proliferation of MDA-MB-231 cells, we performed cell cycle and apoptosis analyses using flow cytometry. Cell cycle analysis demonstrated that AS-miR-372 transfection increased the percentage of cells in G1 phase vs. the scramble-transfected cell group (Fig. 3A and B) . Furthermore, compared with the scramble transfection, apoptosis was elevated following AS-miR-372 transfection ( Fig. 3C and D) . However, the percentage of annexin V+ MCF-10A cells remained approximately 2% after AS-miR-372 transfection (Fig. 3E and F) .
Downregulation of miR-372 inhibited tumor growth in vivo.
To determine whether miR-372 regulates tumor growth in vivo, we established xenograft tumors in nude mice (Fig. 4) . From week 3, the tumorigenicity of the AS-miR-372 transfection group was markedly slow compared with that of the scramble group (Fig. 4C) . After 6 weeks, the average tumor size and weight in the AS-miR-372-transfected group were only about one third of that of the scramble group (P<0.01; Fig. 4A and B) . These results indicate that miR-327 stimulates the tumor growth of breast cancer cells in vivo.
miR-372 directly target LATS2 in breast cancer cells. LATS2
has been reported to contribute to the miR-372-mediated proliferation of testicular germ cell tumor cells (13) . To determine whether miR-372 directly targets LATS2 in breast cancer cells, MCF-7 and MDA-MB-231 cells were transfected with AS-miR-372 to downregulate miR-372. RT-qPCR analysis showed that the mRNA level of LATS2 was elevated >3-fold after the downregulation of miR-372 in both breast cancer cell lines (Fig. 5A ). LATS2 protein expression was also increased following AS-miR-372 transfection (Fig. 5B) . Furthermore, a dual-luciferase reporter system, with luciferase reporter vectors containing either the WT or the MUT 3'-UTR of LATS2, was used to determine whether LATS2 is a direct target of miR-327 in breast cancer cells. When MCF-7 cells were transfected with AS-miR-372, the luciferase activity of the WT LATS2 3'UTR was increased almost 3-fold. However, AS-miR-372 treatment did not affect the luciferase activity of the MUT LATS2 3'UTR (Fig. 5C) . A similar result was also observed with MDA-MB-231 cells (Fig. 5D) . Collectively, these results indicated that miR-372 directly targets LATS2 in breast cancer cells.
LATS2 downregulation reverses the anti-proliferation effect of AS-miR-327 in breast cancer cells. miR-372 is required for
breast cancer cell proliferation, and directly targets LATS2 in breast cancer cells. We subsequently asked if the inhibitory effect of AS-miR-327 in breast cancer cells is mediated through downregulation of LATS2. siRNA against LATS2 was transfected into MDA-MB-231 cells, after which MTT and colony formation assays were used to measure cell proliferation. Consistent with the results presented in Fig. 2 , AS-miR-327 transfection significantly impaired cell growth at 48 and 72 h. However, the downregulation of LATS2 using siRNA reversed this attenuated cell growth, which was comparable to the cell growth in the scramble transfection group (Fig. 6A and B) . A reduced cell colony number following AS-miR-327-transfection was also rescued to a colony number similar to that of the scramble transfection group by LATS2-downregulation ( Fig. 6C and D) .
Discussion
With the development of gene sequencing and molecular biology technologies, an increasing number of studies are investigating and demonstrating the role of miRNAs in the pathogenesis, progression and drug resistance of breast cancer (4, (21) (22) (23) . Upregulated 'oncogenic miRNAs' inhibit tumor suppressor genes, whilst downregulated 'tumor suppressive miRNAs' cause increases in downstream targets responsible for tumor initiation, progression and metastasis. Previous reports indicated that miR-182, miR-10b and miR-27a were overexpressed in breast cancer cells and promoted cell viability and metastasis (24) (25) (26) . By contrast, miR-145 was determined to inhibit the breast cancer cell epithelial-to-mesenchymal transition by blocking the expression of octamer-binding transcription factor 4 (27) . Different cancer types may share common aberrant miRNAs, such as miR-10 and miR-372 among others (28, 29) . Therefore, the identification of cancer-specific miRNAs and their targets is critical for understanding the initiation, progression and metastasis of breast cancer.
In the present study, we identified a common upregulation of miR-372 in experimental human breast cancer cell lines, and in clinical breast tumor tissues compared with paired normal tissue specimens. Although previous studies have suggested that miR-372 can act as a tumor suppressor or as an oncogene in various human malignancies, our results demonstrated that the downregulation of miR-372 by specific mature AS oligodeoxynucleotides against miR-372 (AS-miR-372) abrogated the proliferation and colony formation of breast cancer cells in vitro. This was accompanied by an increased percentage of cells in the G1 phase and an enhanced rate of breast cancer cell apoptosis. Lastly, we performed an in vivo xenograft study; the results showed that miR-372 was required for tumorigenesis and cell proliferation in breast cancer. These data strongly suggest an oncogenic role of miR-372 in breast cancer, which is contrary to the role of miR-372 in HNSCC, hESCs, testicular germ cell tumors and colorectal cancer, but consistent with its roles in hepatic and cervical carcinoma.
miRNA plays a role in tumorigenesis by downregulating its target genes at the post-transcriptional level. In order to understand the mechanism by which miR-372 promotes the growth of breast cancer cells, it is crucial to identify its target genes. Previous studies have shown miR-372 directly downregulates certain genes in a diverse range of cancer types, such as cyclin A1 and CDK2 in cervical cancer (16) , ATAD2 in hepatic carcinoma (11) , p21 in hESCs (14) , p62 in HNSCC (15) , and the tumor suppressor LATS2 in human testicular germ cell tumors (13) and gastric cancer (10). Our results demonstrated that the mRNA and protein levels of LATS2 increased following the inhibition of miR-372 in the two breast cancer cell lines, relative to levels in the control group. According to the 3'UTR of miR-372 and the luciferase reporter assays, we also confirmed that LATS2 is a direct target of miR-372 in breast cancer cells. As a tumor suppressor, LATS2 expression has been reported to be downregulated in human gastric adenocarcinoma (30) , esophageal cancer (31), NSCLC (32) and breast cancer (33) . A recent study also reported that the low expression of LATS2 correlates with an overall poor survival of patients with NSCLC (32). Overexpression of LATS2 is able to trigger cell cycle arrest in G1/S phase by inhibiting the E3 ubiquitin ligase activity of Mdm2 (34) , and increases apoptosis through downregulation of Bcl-2 and Bcl-xL (35) , which suggests that the oncogenic function of miR-372 is directly mediated by the tumor suppressor LATS2. Indeed, the silencing of LATS2 by siRNA in the present study successfully rescued the suppresive effect of the AS-miR-372 on cell proliferation and colony formation in MDA-MB-231 cells. As component of the Hippo pathway, LATS2 phosphorylates YAP and prevents its nuclear translocation, where it functions as a transcriptional factor to initiate the expression of downstream genes involved in cell proliferation, invasion, apoptosis and stem cell maintenance (36) . In breast cancer, miR-372 might destroy mRNA level of LATS2 by mediated by directly binding on 3'-UTR of LATS2, and stabilized ERα and the Hippo effectors YAP and TAZ (37) , eventually result in breast cancer survival and proliferation through both intrinsic and paracrine mechanisms. In conclusion, we identified the presence of significantly upregulated miR-372 in breast cancer cell lines and primary tumor tissues. Furthermore, maintenance of miR-372 was indicated to be crucial to breast cancer cell growth in vitro and in vivo, for which miR-372 may act by downregulating the tumor suppressor LATS2. To the best of our knowledge, this study is the first to indicate the oncogenic role of miR-372 in breast cancer, and our results may provide novel insights for the diagnosis and therapy of breast cancer.
